Abstract Complex nerve models have been developed for describing the generation of action potentials in humans. Such nerve models have primarily been used to model implantable electrical stimulation systems, where the stimulation electrodes are close to the nerve (nearfield). To address if these nerve models can also be used to model transcutaneous electrical stimulation (TES) (farfield), we have developed a TES model that comprises a volume conductor and different previously published nonlinear nerve models. The volume conductor models the resistive and capacitive properties of electrodes, electrodeskin interface, skin, fat, muscle, and bone. The non-linear nerve models were used to conclude from the potential field within the volume conductor on nerve activation. A comparison of simulated and experimentally measured chronaxie values (a measure for the excitability of nerves) and muscle twitch forces on human volunteers allowed us to conclude that some of the published nerve models can be used in TES models. The presented TES model provides a first step to more extensive model implementations for TES in which e.g., multi-array electrode configurations can be tested. 
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Introduction
Transcutaneous electrical stimulation (TES) can be used to artificially activate nerve and muscle fibers by applying electrical current pulses between pairs of electrodes placed on the skin surface. The applied current flows through the skin and underlying tissues (bulk tissues) where a spatiotemporal potential field is generated depending on the resistivities and permittivities (capacitance) of the various tissues. Axons distributed in nerve bundles that lie within the bulk tissues experience activation and can generate action potentials (APs) due to the electrically induced potential field. These APs travel along the axons to the muscle where a contraction of the muscle is generated. For single stimulation pulses the generated twitch force is increased when the pulse amplitude or the pulse duration (PD) is increased [2] because additional axons are recruited in the nerve bundles [45] . Two-step models have been proposed to describe nerve activation in TES [38] . The first step describes the electrical potential field within the electrodes, the electrode-skin interfaces, and the bulk tissues (volume conductor). Analytical models [32, 39] finite difference models [34] , and finite element (FE) models [35] were used to calculate the potential field in the volume conductor. The second step describes the complex behavior of the axons' transmembrane potential (TP), which depends upon the spatiotemporal potential field along the axon [37] . Several two step models were proposed to describe TES [27, 43, 51] . However, these models exclusively employ static models (i.e. neglecting capacitive effects) to describe the volume conductor, and linear nerve models to describe nerve activation. Up to now non-linear nerve models, which can describe more facets of nerve activation [45] , were mainly used for implantable systems [31, 49, 47] , epidural stimulation [18] , or motor cortex stimulation [33] , where the exciting electrodes are small and close to the nerve (near-field). To address if these nerve models can also be used to model TES (far-field), we have developed a TES model that comprises a volume conductor and different non-linear nerve models. Such a model that describes TES from the applied stimulation current pulse to nerve recruitment is useful for the development and enhancement of new stimulation technology. For example, the irregular potential fields that are delivered with multi-channel array electrodes [8, 30] can be described using such models. These irregular potential fields produced with multi-channel array electrodes can be varied spatially and temporally and require time varying solutions to describe nerve activation appropriately. In this paper a suitable axon model to be used in such a TES model is identified and verified with experiments.
A method to experimentally verify electrical stimulation models is to compare simulated strength-duration curves with experimentally obtained strength-duration data [52] . Strength-duration curves describe the stimulation current amplitude versus the PD for threshold activation. From strength-duration curves rheobase and chronaxie can be derived [13] . The rheobase is the smallest current amplitude of 'infinite' duration (practically, a few hundred milliseconds) that produces an activation. Chronaxie is the PD required for activation with an amplitude of two times the rheobase. Experimentally obtained chronaxie values using electrodes placed close to the excited axon (clamp experiments, animal studies and needle electrodes) are between 30 and 150 ls [3, 9, 42] . Published non-linear nerve models were experimentally verified in this range of chronaxie values [4, 37, 38, 42, 52] . However, chronaxie values that were obtained experimentally using surface electrodes are longer. In humans the chronaxie values using surface electrodes were found to be between 200 and 700 ls [15, 23, 48] . It is unclear if the short chronaxie values (30-150 ls) of such non-linear nerve models that were designed for implantable systems are increased significantly when used in a TES model to describe chronaxie values measured with surface electrodes in TES (200-700 ls).
Apart from strength-duration curves, which describe only the excitability at motor threshold (thickest axons activated), measured force or torque versus PD curves were used to describe the excitability of nerves (where also thinner axons are activated) [45] . Such measurements at higher stimulation intensities provide additionally an understanding of the nerve recruitment. These curves show either the stimulation amplitude versus the PD at a fixed force output [6, 22, 54] or the force versus the PD at a fixed amplitude [1, 14] . The influence of the muscle properties on the measurement can be minimized by measuring twitch forces (single stimulation pulse) instead of tetanic forces [2] . This has the advantage that experimentally measured twitch forces can be directly compared with nerve recruitment obtained from nerve models [31] . As such, we present twitch force measurements on human volunteers that are compared with the nerve recruitment from our TES model. This comparison enabled us to conclude, which nerve models are most suitable to be used in TES models.
Methods
TES model
The developed TES model comprises an FE model that describes the potential field in the volume conductor (forearm) and an active (non-linear) nerve model that calculates nerve activation. The following two subsections introduce the two models and how they are linked together.
Finite element model
The electric scalar potential (V FE ) within the arm model (volume conductor) and the electrodes was described by Eq. 1, which can be derived from Amperes's Law. It takes into account both the resistive (r) and the dielectric properties (e = e 0 e r ) of the tissues. The electrical potentials were calculated with the finite element time domain (FETD) solver of the FEM package Ansys (EMAG, Ansys Inc., Canonsburg, PA).
The two stimulation electrodes were modeled as a good conducting substrate (conductive carbon rubber) with a 1 mm thick electrode-skin interface layer (hydrogel) with a size of 5 cm by 5 cm and a center to center spacing of 11 cm. These parameters were chosen as in the experimental setup (Sect. 2.2). The amplitudes and durations of the current-regulated pulses that were applied to the electrodes could be varied. The bulk tissues were modeled with a multiple layer cylinder (Fig. 1) representing the forearm. A comparison of a cylindrical model geometry with a more detailed geometry segmented from MRI scans, revealed that nerve activation did not change significantly (\5%) using the more detailed geometry [26] . Therefore, a cylindrical geometry was used comprising skin, fat, muscle and bone layers with the thicknesses of 1.5 mm (skin), 2.5 mm (fat), 33.5 mm (muscle), 6 mm (cortical bone) and 6.5 mm (bone marrow). The cylinder had a length of 40 cm. The FE model was verified in [24] with experimental measurements where the potential on the skin and the potential in the muscle were measured and compared.
The electrical properties (resistive and capacitive) that were used for the tissues and electrodes are given in Table 1 . The anisotropy of the muscles' resistivity and permittivity was considered using a factor of three (between axial and radial direction 3*q axial = q radial ) [45] .
The resulting time dependent potential field of the FE model was interpolated onto lines at different depths, which represented nerve bundle locations that were parallel to the longitudinal axis of the arm model. The potential at time t and position n on one nerve line is labelled V FE;n ðtÞ:
Nerve models
Four different active axon models (see Table 2 ) were combined with the FE model. These myelinated axon models were chosen to cover different axon model Fig. 1 Schematic representation of the electrode-skin interface, the bulk tissues, and ten nerve bundles at depths between 0.6 and 1.5 cm (from skin surface). On the bottom the electrical equivalent circuit of a myelinated axon. On the right the meshed geometry of the arm model with surface electrodes (some tissue layers are partially removed for clarity). The model comprised approximately 300,000 tetrahedral elements The column ''Standard'' contains properties used in an FE model that was verified with experimental measurements [24] Columns ''Min'' and ''Max'' are extreme values from [10, 12, 40, 45] Med Biol Eng Comput (2009) 47:279-289 281
structures and a wide range of chronaxie values (near-field) [55] (published chronaxie values are given in Table 2 ). Models A and B are based on the Frankenhaeuser-Huxley membrane [11] that describe sodium, potassium, and leakage membrane currents [38] of the nodes of Ranvier. Model C is the CRRSS model (CRRSS stands for its authors' names) that only incorporates sodium and leakage currents at the nodes of Ranvier. The CRRSS membrane is similar to the Hudgkin-Huxley membrane [17] but without potassium channels because they were found to be less important in the excitation process of myelinated mammalian nerves [52] . Model D (MRG model) incorporates a double cable structure that does not only describe membrane currents at the nodes of Ranvier but also at the paranodal and internodal sections [37] . The four introduced axon models describe the TP of a single axon with a certain diameter. However, in humans axons are gathered in nerve bundles consisting of many axons with different diameters. Multiple nerve bundles innervate muscles and these nerve bundles lie in different depth within the body [50] . Therefore, the four axon models (Table 2) were joined to multiple nerve bundles that lie in different depths underneath the stimulating electrode. The nerve bundles had a length of 15 cm and were centered under the cathode at depths (from skin) between 0.6 cm and 1.5 cm with 0.1 cm spacing (see Fig. 1 ). Each of the ten nerve bundles consisted of 100 axons with diameters distributed according to the bimodal distribution in human nerve bundles with peaks at 6 and 13 lm [41, 46] . The minimal axon diameter was 4 lm and the maximal diameter was 16 lm. Recruitment (Rec) was defined as the percentage of axons that were activated in all nerve bundles that consisted in total of 1,000 axons (10 nerve bundles each 100 axons). Axons with different diameters had different internodal distances ranging from 0.4 to 1.6 mm. The first nodes of all axons in each nerve bundle were aligned with each other. Initial fiber activation was verified in order to make sure that the AP was not initiated at the nerve model boundary. The threshold of the TP to detect activation was set to 0 mV. Additionally, only axons with propagating APs were counted as activated by ensuring that after detection of the initial AP also at all other nodes the TP was above 0 mV.
Nerve models A, B and C (Table 2) were implemented in MATLAB (The Mathworks Inc., Natick, MA) and Model D in NEURON [16] . Parameters in all nerve models were used as published (references are given in Table 2 ). The underlying equation of nerve models A to C is given in (2) . V n (t) is the TP at node n (nodes of Ranvier) and time t, V e,n (t) is the extracellular potential, I i,n (t) is the ionic current, C m is the membrane capacitance, and G a is the conductance of the axoplasm (equivalent circuit given on the bottom of Fig. 1 ). Nerve model D (MRG) has a more complex structure and also takes into account the extracellular potentials at non-nodal compartments between the nodes of Ranvier V e,n-n (t).
À 2V e;n ðtÞ þ V e;nþ1 ðtÞÞ À I i;n ðtÞ ð2Þ
The link between the FE model and the nerve models was established by assigning the time dependent, spatially interpolated potentials from the FE model V FE;n ðtÞ to the corresponding extracellular potentials of the nerve model V e;n ðtÞ ¼ V FE;n ðtÞ: When using nerve model D additionally the non-nodal extracellular potentials were interpolated in the FE model and assigned to the axon models V e;nÀn ðtÞ ¼ V FE;nÀn ðtÞ:
Experimental measurements
Experimental measurements were performed on three human volunteers (age: 25-28, one female, two male) in order to verify the TES model. Two main aspects of the TES model were verified with two sets of experiments: motor thresholds were measured in order to compare strength-duration curves (Sect. 3.4), and isometric twitch forces were measured in order to compare recruitmentduration curves (Sect. 3.5) with results of the TES model.
In all experiments rectangular, monophasic current regulated pulses were applied with a Compex Motion Stimulator [21] . The motor point of the Flexor Digitorum Superficialis that articulates the middle finger was identified with a stainless steel probe with 0.5 cm tip diameter. The probe was moved over the muscles until the point that required the least current to generate minimal movement of the middle finger was identified. Because surface motor points move depending on the configuration of the arm, the arm was set up in the isometric condition that was used during the force measurements. Following the identification of the motor point, the active electrode (cathode) (5 cm by 5 cm, hydrogel) was placed centered over the identified motor point and the indifferent electrode (anode) was placed at the wrist. In order to avert potentiation 300 stimulation pulses were applied prior to data capture. The motor thresholds were determined by palpation of the region over the muscle. We stimulated with single pulses of 0.05, 0.1, 0.3, 0.5, 0.7, 1, and 2 ms duration. The amplitude of the stimulation pulse was increased in 0.3 mA steps for each PD until motor activation was felt by the examiner. The resting periods between applying the different pulse durations were 20 s.
After a resting period of 1 min the isometric twitch forces of the middle finger were measured with the dynamic grasp assessment system (DGAS) [20] . Single stimulation pulses with an amplitude of 20 mA and with PDs of 0.05, 0.1, 0.3, 0.5, 0.7, 1, and 2 ms were randomly applied every 2.5-5 s. Each PD was applied a total of six times (randomized). An extract of the raw twitch force measurements is shown in Fig. 2 . Each data series was normalized to its maximal value in order to obtain recruitment-duration curves.
Strength-duration curves, rheobase, and chronaxie
Rheobase I rh and chronaxie T ch from strength-duration curves calculated with the TES model were compared with own experimentally obtained and previously published experimental rheobase and chronaxie values. In the TES model strength-duration curves were obtained by calculating threshold currents I th for PDs of 0.05, 0.1, 0.3, 0.5, 0.7, 1, and 2 ms. The threshold amplitudes were determined using bisection search with an accuracy of 0.01 mA. At threshold only the thickest axon model closest to the electrode was activated (axon diameter: 16 lm, depth: 0.6 cm). In the experiments motor thresholds were measured as described in Sect. 2.2. Lapicque's equation I th = I rh /(1-exp(-PD/T ch )) [29] was fit to the measured strength-duration data in order to obtain I rh and T ch . Rsquare (R 2 ) values between the fitted curves and the actual strength-duration data were calculated to check the accuracy of the fit (all values were below 0.8%).
Influence of tissue and stimulation parameters on chronaxie
The influence of tissue properties on the chronaxie was investigated in order to find out how the chronaxie changes for different tissue thicknesses, tissue properties, electrode sizes, and nerve depths. The aim was to investigate by computer modeling which parameters cause the large range of chronaxie values (200-700 ls) observed in strengthduration measurements with surface electrodes (far-field situation). Tissue thicknesses of the forearm model were changed in the range of values that cover most human forearms [45, 50, 53] . The range of thicknesses was: for skin from 1 to 3 mm, fat from 2 to 30 mm, muscle from 20 to 60 mm, cortical bone from 4 to 8 mm, and bone marrow from 4 to 8 mm. The range of resistivity values that were tested are summarized in Table 1 (columns Min and Max) and cover the range of values that can be expected in practical applications of TES [10, 12, 40, 45] . Electrode size was kept at 5 cm 9 5 cm when changing tissue thicknesses and tissue properties. Afterwards, chronaxie values for electrode sizes between 0.1 cm 9 0.1 cm and 7 cm 9 7 cm and two nerve depths of 0.6 and 1.5 cm were calculated. Electrode sizes below 0.5 cm 9 0.5 cm are usually not used in TES and were included to allow a comparison of our simulated chronaxie values with publications that use point sources as electrodes. The changes in chronaxie values were calculated for all four nerve models (A to D).
Recruitment-duration curves and time constants
Simulated recruitment-duration curves were compared with experimentally obtained recruitment curves by comparing the corresponding time constants s [5] . The time constants s sim of the recruitment-duration curves from the TES model were compared with the time constants s exp of the experimentally measured recruitment-duration curves (twitch forces). Both time constants were calculated by fitting Eq. 3 to the recruitment data as suggested in [5] . Rec ¼ Rec sat ð1 À e ÀðPDÀPD 0 Þ=s Þ for PD ! PD 0 ð3Þ
Rec is the recruitment, Rec sat is the value where the recruitment saturates, PD represents the stimulation PD, PD 0 is the threshold PD above which an AP is generated, and s is the time constant of the rising recruitment. Rsquare (R 2 ) values between the fitted curves and the actual recruitment data were calculated to check the accuracy of the fit (all values were below 1.5%).
Results
Chronaxie of TES model
Chronaxie values (T ch ) of the TES model were calculated from the simulated strength-duration curves depicted in Fig. 3 (Sect. 2.3 ). The calculated chronaxie values for the different nerve models are summarized in Table 2 . The previously published chronaxie values that were obtained experimentally are shown in the same Table 2 and were determined for implantable systems where small electrodes were close to the nerve. For all nerve models the chronaxie values of the TES model were higher compared to the published chronaxie values. The chronaxie values using nerve models A, B, and D were in the range of experimentally obtained chronaxie values for TES, which are between 200 and 700 ls [15, 23, 48] . The largest increase was found in nerve model D, where the chronaxie increased by 205% from 150 to 457 ls. The values with nerve model C (33 ls) were too short compared with the experimental range of 200-700 ls.
Influence of permittivities (capacitance)
The influence of the capacitive effects on Rec was investigated with the TES model using nerve model D. The permittivities (e r ) of electrode, skin, fat, and muscle were changed in the range of published experimental values ( Table 1) . The results were produced for a stimulation pulse amplitude of 15 mA and a PD of 0.3 ms (values that are commonly applied on forearms using TES). Permittivity changes at the electrode-skin interface had no influence on Rec (\0.1%). Skin and fat permittivities changed Rec by 2%. The muscle permittivity had the largest influence with 5%. Strength-duration and recruitment-duration curves were therefore calculated for the published range of muscle permittivities (Table 1) in order to identify an upper limit for the influence of the capacitive effects.
Increasing the muscle permittivity shifted the strengthduration to slightly higher values (Fig. 3) . The chronaxie was increased from 457 ls (static volume conductor) by 2% to 466 ls for e r = 1.2e5 and by 3.6% to 474 ls for e r = 25e5. These changes are small compared to the large variations of chronaxie values in experimental measurements of 200-700 ls [15, 23, 48] .
The recruitment-duration curves for the smallest and largest muscle permittivity are depicted in Fig. 4 (Table 1) . Also shown are recruitment-duration curves calculated with a model using the static approximation of Eq. 1. The changes produced by the capacitance (permittivity) are seen to be small. (nerve model D was used) curves show the percentage of axons that are activated in the nerve model for different pulse amplitudes and durations. The influence on the time constants s sim was largest for small pulse amplitudes. At 5 mA the time constant changed from 408 to 433 ls (6%) when increasing the permittivity from 1.2e5 to 25e5. However, the changes in recruitment due to the capacitive effects of the muscle are small compared to changes in recruitment caused by PD or pulse amplitude changes. Figure 4 also shows the recruitment-duration curve described by a model that uses a static approximation (capacitive effects of the electrode-skin interface and the bulk tissues neglected) of Eq. 1 for the FE model. It can be seen that the curves are nearly congruent with the curves obtained using the model considering the permittivities.
Influence of tissue and stimulation parameters on chronaxie
The influence of different tissue and stimulation parameters on the chronaxie was investigated. Changing the tissue thicknesses and resistivities of the volume conductor model in the range of values that cover most human forearms (see Sect. 2.4) resulted in chronaxie changes below 1.1% for all four nerve models (percentage was calculated relative to the chronaxie values in Table 2 ). Only the thickest fat layer (30 mm) had a larger influence on the chronaxie (\6.3%). This is due to the spread of the current in the thicker fat layer that influences more nodes of the nerve models simultaneously (see Sect. 4). Changes of electrode size and nerve depth have a larger influence on the chronaxie. The results using nerve model D are shown in Table 3 where it can be seen that the chronaxie values are in the range from 220 to 574 ls. In general, smaller electrodes and more superficial nerves result in smaller chronaxie values and vice versa. For nerve models A to C smaller electrodes and superficial nerves also generated smaller chronaxie values, however, the effect was less pronounced compared to nerve model D. The range of chronaxie values was 124-171 ls using nerve model A, 112-149 ls using nerve model B, and 27-36 ls using nerve model C.
Comparison of simulated with experimental strength-duration curves
The strength-duration curves that were calculated with the TES model containing the four tested nerve models (A-D) were compared with experimentally obtained motor threshold amplitudes (mean and standard deviation) for different PDs (see Fig. 3 ). The TES model with nerve model D matched best the experimental measurements for all measured PDs. The thresholds obtained with nerve models A, B, and C were all at least a factor of four higher. This was also indicated by the rheobasic currents ( Table 2) that were too high for nerve models A, B, and C compared to the experiments.
Comparison of simulated with experimental recruitment-duration curves
The time constants s sim (Sect. 2.5) of the recruitment curves from the TES model were compared with the time constants s exp of the experimentally obtained recruitment curves. The TES models including nerve model A, B, or C used a current amplitude of 90 mA and the TES model with nerve model D used a current amplitude of 20 mA. The current amplitude for models A, B, and C had to be increased due to the higher rheobasic currents of these nerve models (Table 2) . Fig. 6 . The time constants s exp of these curves were 489 ls in volunteer one, 240 ls in volunteer two, and 380 ls in volunteer three. The time constants s sim obtained with the TES model containing nerve models A, B, or D were within the 95% confidence interval of the time constants s exp obtained by experimental measurements. The value of s sim derived from using nerve model C was more than a factor of ten shorter than the shortest s exp .
Discussion
We developed a two step model that describes the total dynamics from the applied stimulation current pulse to nerve recruitment for TES. The model enabled us to find out if published nerve models that were used in many studies for near-field stimulation with implantable electrodes are also suitable to describe far-field stimulation (TES). This was unclear because of the large discrepancy between the chronaxie values of published nerve models (30 and 150 ls) and chronaxie values obtained with surface electrodes (200 and 700 ls [15, 23, 48] ). The simulation results in Table 2 show that the chronaxie values were increased when using the tested nerve models in the TES model. The chronaxie values were increased up to 205% compared with the chronaxie from publications, which were obtained with electrodes close to the axon. The capacitive changes are not the reason for the increase as they had only a small influence (\6%). The results show that the electrode sizes and the electrode/nerve distance have the largest influence on chronaxie values amongst the tested parameters (Table 3) . Smaller electrodes and smaller electrode/nerve distances resulted in smaller chronaxie values. This was also found in studies that investigated implantable electrodes close to the axon [44, 45] . Using different combinations of these two parameters in the TES model resulted in a range of 220-574 ls when using nerve model D that described best the published experimental range (200-700 ls) compared with the other tested nerve models (A-C). Possible reasons why nerve model D compared best with experiments are discussed in Sect. 4.1.
In order to find out how well the model describes TES, simulated strength-duration (Fig. 3) and recruitment-duration curves (Figs. 5 and 6) were compared with experimental measurements. The cylindrical geometry (tissue thicknesses), which we used (see Sect. 2) was specified such that it compared well to intermediate values of the three human volunteers (this was achieved using MRI scans in the same three human volunteers in an earlier study [27] ). The results in Fig. 3 show that only the strength-duration curve using nerve model D (MRGmodel) compared well with the experiments. The rheobasic currents using nerve models A, B, and C were too high. The recruitment-duration curves using nerve models A, B, and D compared well with experiments. The reason why not all nerve models compared well with experimental data can be partially explained due to different parameter values that were used in some nerve models (see Sect. 4.1). Until now the MRG-model was exclusively used for implanted ES systems [31] . With our investigations we could show that the MRG-model can also be used to model transcutaneous ES where the electrode/nerve distances are much larger than in implanted systems.
Parameter changes in used nerve models
It was investigated if changes in the parameters of nerve models A, B, and C can increase the chronaxie to values found with nerve model D. The parameters from nerve model D that mainly influence the chronaxie (membrane capacity, membrane resistivity, and axoplasm resistivity [44] ) were applied to nerve models A, B, and C. The chronaxie values of nerve models A, B, and C were at the most increased by 20%. Therefore, most probably, the double cable structure, with explicit representation of the nodes of Ranvier, paranodal, and internodal sections [37] was responsible for the longer chronaxie and not the different parameters of nerve model D.
We showed that the TES models using nerve models A, B, or C had too high a rheobase (Sect. 3.4; Fig. 3 ). The The high variability of the electrode-skin interface and the published bulk tissue capacitances were found to have a minor influence on recruitment in TES (Fig. 4) . Therefore, the capacitive effects can be neglected, which is equivalent to setting the time derivative term in Eq. 1 to zero yielding the Laplace equation. However, the capacitive effects of the volume conductor have to be considered in the model for the following cases:
-Investigations of time dependent voltage drops in the skin layer (which have a slow rise time): Such investigations are relevant if new pulse stimulation technologies, as for example presented in [19] , are being developed. For such cases a model considering the capacitive effects allows one to optimize the power consumption because both the time dependent currents and the time dependent voltages can be simulated (P(t) = U(t)*I(t)). -Investigation of voltage regulated stimulation: It is important to note that only a simulation that incorporates the tissues' capacitance is able to produce reasonable values for the extracellular potential at the axon for voltage regulated stimulation. The voltage drop in the skin layer increases over time because of the high skin capacitance [7] and thus the extracellular potential at the nerve significantly drops during the applied course of the pulse.
Spatial position of the nodes of ranvier
Axons with different diameters do not have the same internodal distance. As a consequence the nodes do not lie at the same position underneath the electrode and could lead to different activation thresholds. To investigate this we shifted the node of an axon by 0.1 mm steps within the internodal distance and could only observe very small changes of the motor thresholds (\0.01 mA). The reason that the shifts did not have an influence was that the activation peaks were wider than the internodal distance.
Model limitations
The presented TES model has limitations that should be noted:
-In the presented TES model, nerve activation is calculated in two consecutive steps (FE model and nerve model). The coupling between the two steps is established by interpolating the potential field calculated using the FE model along the axons at V e,n (t) (extracellular potential). This interpolation is discrete in space and time which could introduce inaccuracies. The spatial interpolation is conducted at the axon models' nodes of Ranvier for axon models A-C. In nerve model D additionally an interpolation at the paranodal and the internodal sections was performed.
To ensure a good accuracy of this interpolation the FE mesh size was refined until no significant change (\1%) was found in the resulting potential distribution. The temporal interpolation was performed in 1 ls steps, which is much shorter than the PD ([50 ls in our model), helping to ensure numerical accuracy. -The two calculation steps of the TES model (FE model and nerve model) are performed in one direction. This means that the extracellular potential V e,n (t) affects the axons' TP, but the influence of the TP on the extracellular potential is neglected. Both directions were taken into account for the first time in [36] using a bidomain model. It was shown that the TP can influence the extracellular potential in direct muscle stimulation, however, it was not shown if the generation of APs in adjacent muscle fibers is significantly influenced. The method is computationally expensive and was therefore used on a simplified volume conductor which was coupled with two muscle fibers [36] . Since, the presented TES model contains a more detailed volume conductor and 1,000 axons, the solution could currently not be computed in reasonable time and remains an issue for future investigations. -The non-linear dependence of the bulk tissue properties to current density was neglected. This is not a major concern as it was shown that with current-regulated pulses the non-linear properties of the bulk tissues can be neglected [28] . -Dispersion of the bulk tissues was neglected. Sensitivity studies [25] showed that a wide range of tissue properties did not influence neural activation. This indicates that dispersion can be neglected, too.
-The exact location where the APs are initiated in TES cannot be generalized due to geometrical and physiological diversity. We accounted for that by using multiple nerve bundles at different depths.
Conclusion
A FE model was combined with previously published active nerve models to a TES model. The TES model allows to describe the total dynamics from the applied stimulation current pulse to nerve recruitment and serves as a tool to investigate the influences from the geometry, the tissue properties, and new stimulation techniques. For implantable stimulation (near-field) it was shown that mainly the electrode size and the electrode/nerve distance influence the chronaxie. Our results show that the chronaxie is also in the far-field situation mainly influenced by the electrode size and the electrode/nerve distance. With electrode sizes between (0.1 and 7 cm) and electrode/axon distances between 0.6 and 1.5 cm chronaxie values between 220 and 574 ls were obtained. The capacitive effects, variations of the tissue resistivities, and variations of the tissue thicknesses have a minor influence.
Simulated strength-duration and recruitment-duration curves using the MRG-nerve-model (model D) compared well with experimental measurements. We conclude from these results that the MRG-model can be used with the same parameters for both implantable ES models and TES models. The parameters of the other tested nerve models have to be adapted to compare well with experimental measurements.
With the presented TES model we developed a tool that should help to investigate and optimize new TES technologies, such as multi-channel electrode arrays using nonuniform current distributions. It should help to find appropriate designs for electrode geometries and stimulation pulse sequences.
